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Abstract: A series of novel toroidal cyclo-2,9-tris-1,10-phe-
nanthroline macrocycles with an unusual hexaaza cavity are
reported. Nickel-mediated Yamamoto aryl–aryl coupling was
found to be a versatile tool for the cyclotrimerization of
functionalized 1,10-phenathroline precursors. Due to the
now improved processability, both liquid-crystalline behavior
in the bulk phase and two-dimensional self-assembly at the
molecular level could be studied, for the first time, for
a torand system. The macrocycles exhibited a strong affinity
for the complexation of different metal cations, as evidenced
by MALDI-TOF analysis and spectroscopic methods. Experi-
mental results were correlated to an extensive computation-
al study of the cyclo-2,9-tris-1,10-phenanthroline cavity and
its binding mode for metal cations. Due to the combination
of several interesting features, toroidal macrocycles may find
future applications in the field of ion and charge transport
through molecular channels, as well as for chemical sensing
and molecular writing in surface-confined monolayers under
STM conditions.
Introduction
Nitrogen-containing macrocycles represent an important class
of compounds in organic chemistry and materials science. Few
cyclic systems with a hexagonal arrangement of nitrogen
atoms and an 18-membered cavity have been reported
(Scheme 1). Due to their ring-shaped structure, these com-
pounds were termed torands.[1,2] Examples of toroidal macrocy-
cles involve a number of conjugated cyclic Schiff bases derived
from the parent hexa[18]azaannulene system A.[1, 3–6] Depend-
ing on the choice of the precursors, pyridine[3–6] B or 1,10-phe-
nanthroline C[1] contribute to the sixfold binding geometry of
these cyclic ligands, which are typically synthesized through
[2+2] template-assisted cyclocondensation. However, signifi-
cant deviations from planarity will be encountered and prevent
efficient face-to-face packing of these molecules in the solid
state.[5, 6] On the contrary, cyclosexipyridine D[7, 8] is a hexaaza
macrocycle, in which the aromatic units are connected through
aryl–aryl bonds with the six nitrogen atoms directed towards
the center of the cavity. Additional fusion of the six pyridine
Scheme 1. The molecular structures of representative hexaaza macrocycles
with an 18-membered cavity: Schiff base macrocycles A–C, cyclosexipyridine
D, dodecahydrohexaazakekulene E, and target compound cyclo-2,9-tris-1,10-
phenanthroline F.
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units of D through ethyl linkages will further increase both ri-
gidity and planarity.[9–12] As such, dodecahydrohexaazakekulene
E[9] and its derivatives[10–12] were obtained previously.
With the toolbox of modern aryl–aryl cross-coupling reac-
tions to hand, alternative pathways towards the construction
of novel torands can be thought of. Instead of assembling the
cyclic system from two or more complementarily functional-
ized monomers,[13–15] cyclotrimerization of suitable precursors
will significantly shorten the synthetic route. Examples of suc-
cessful cyclotrimerization reactions involve the copper(II)-medi-
ated reaction of Grignard reagents derived from biphenyl,[16]
ortho-terphenyl,[17] and phenanthrene[18,19] and the trimeriza-
tion of Lipshutz cuprates.[20] We have recently introduced a Ya-
mamoto-based concept, which relies on the selective assembly
of functionalized phenanthrene[21,22] and triphenylene[23–25a] de-
rivatives to form a new class of C3 symmetric macrocycles.
Lately, this concept was adopted to synthesize a series of qui-
noxaline-based cyclo(oligophenylenes).[25b]
1,10-Phenanthroline[26–28] was identified as a structural motif
that would yield a novel hexaaza macrocycle of intrinsic rigidi-
ty upon macrocycle formation.
The chelating ability of 1,10-phe-
nanthroline makes it a frequently
applied bidentate ligand in coor-
dination chemistry.[26–28] Transi-
tion-metal cations, such as ruth-
enium(II),[29] and members of the
lanthanide series[30] easily form
complexes with the molecule
and have been studied, for ex-
ample, with respect to their pho-
tophysical properties.
It is believed that the binding
of metal guests within a 1,10-
phenanthroline-surrounded
cavity will be unique because it
is based on pure ion-induced-
dipole electrostatic interactions.
Such a “electrically neutral”
cyclic ligand is in contrast to
porphyrins and phthalocyanines,
which are typically deprotonated
at the pyrrole site when binding to a metal guest.[31–33]
Previous investigations into metal complexation of related
toroidal macrocycles, such as cyclosexipyridine D[7,8] and do-
decahydrohexaazakekulene E,[9–12] have been hampered by
their poor solubility, in combination with the high polarity of
the hexaaza cavity.[7–12] Regarding self-assembly, understanding
of this class of ligands has so far been limited to the crystalline
state[3, 5, 6, 11] and thin films.[12] Liquid crystallinity, which can be
anticipated from their flat doughnut-like geometry; surface-as-
sisted 2D self-assembly; and the impact of metal guests on the
supramolecular chemistry remain important issues yet to be
explored.
Herein, we present a series of unreported torands, namely,
cyclo-2,9-tris-1,10-phenanthroline hexaaza macrocycles F,
which have been prepared by a straightforward synthetic pro-
tocol. To ensure processability, substitution of the targeted
1,10-phenanthroline macrocycle with solubilizing side chains
was also taken into consideration. We discuss the metal-com-
plexation behavior of these novel compounds, which has been
screened with the assistance of various physicochemical meth-
ods and correlated to results from computational analysis. For
the first time, the liquid-crystalline properties of torand–metal
complexes could be investigated in the bulk state by using
XRD techniques. The self-assembly of these torands was then
studied at the organic liquid–solid interface by applying high-
resolution STM.
Results and Discussion
The prerequisite for a smoothly occurring cyclotrimerization is
a 1208 substitution pattern on the molecular building block, as
reflected by our previous investigations.[21–25] Thus, a five-step
synthetic route from parent 1,10-phenanthroline (1) to the
target 2,9-dichloro-5,6-dialkoxy-1,10-phenanthroline precursors
6a–c was developed (Scheme 2). In the key step, compounds
6a–c were obtained in good yield from 2,9-dichloro-1,10-phe-
nanthrolin-5,6-dione (5)[34] through a reductive alkylation as
off-white waxy powders. The side-chain length was varied
from octyl (6a), dodecyl (6b), to hexadecyl (6c) to compare
the effect of the substituent on the supramolecular behavior
of the compounds. 5,6-Bis(dodecyloxy)-1,10-phenanthroline (9)
was prepared as a model compound in an analogous fashion
from commercially available 1,10-phenanthroline-5,6-dione (8).
For the cyclotrimerization of precursors 6a–c towards mac-
rocycles 7a–c, a standard Yamomoto protocol[21–23,35,36] was car-
ried out in an overall 3/1 mixture of toluene/DMF at 60 8C
under pseudo-dilution conditions (cf. Scheme 2, for the pro-
posed reaction pathway towards 7a–c, see Scheme S2 in the
Supporting Information). The products were isolated by using
a combination of column chromatography on silica gel and re-
Scheme 2. Synthetic route to macrocycles 7a–c. Reagents and conditions: i) 1,3-dibromopropane, 120 8C, 95%;
ii) K3Fe(CN)6, NaOH, ¢10 8C, 41%; iii) POCl3, PCl5, reflux, 82%; iv) H2SO4, HNO3, KBr, 80 8C, 88%; v) tetrabutylammoni-
um bromide (TBAB), Na2S2O4, H2O/THF, alkyl bromide, KOH, 40 8C, 60–70%; vi) bis(cycloocta-1,5-diene)nickel(0), cy-
cloocta-(1,5)-diene, 2,2’-bipyridine, toluene/DMF, 60 8C, 15–20%.
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cycling gel permeation chromatography to yield 7a–c as
orange waxy solids in respectable overall yields between 15
and 20%. All compounds displayed high solubility in polar
aprotic solvents, such as CH2Cl2, THF, and Et2OAc. However,
they were poorly soluble in nonpolar media, such as alkanes,
and could be precipitated into alcohols. As described in detail
below, the Na+ complexes of 7a–c were used as reference
points for all experiments.
The successful buildup of the cyclo-2,9-tris-1,10-phenanthro-
line system was first confirmed by 1H, 13C, and 1H–13C COSY
NMR spectroscopy in CD2Cl2 at room temperature. As shown
for 7b-Na, two characteristic doublets from the AB spin system
on the 1,10-phenanthroline backbone are found at d=8.98
(Ha) and 8.75 ppm (Hb) in the
1H NMR spectrum. Correlation of
the 1H resonances to the signals of the spin-echo 13C spectrum
unambiguously proves the presence of the desired cyclic
trimer and the absence of acyclic byproducts (Figure S4 in the
Supporting Information). The UV/Vis absorption spectra for
7b-Na were recorded in CH2Cl2 and compared with data ob-
tained for the corresponding monomeric model compound 9
at a concentration of 1Õ10¢5m. With respect to the absorption
spectrum of pristine 1,10-phenanthroline, which essentially
contains two major absorption bands at l=205 and
263 nm,[37] the signals of macrocycle 7b-Na (as well as those
for model compound 9) are significantly shifted to longer
wavelengths. This can be rationalized as a result of increased
conjugation and the electron-donating effect of the alkoxy
substituents. The spectrum of the macrocycle contains a broad
absorption maximum centered at l=309 nm (e=
78313m¢1cm¢1) and two minor resolved bands at l=359 and
403 nm (Figure S25 in the Supporting Information).
Structure analysis
Due to the prefused aromatic rings of the 1,10-phenanthroline
building block, less conformational freedom is expected for
cyclo-2,9-tris-1,10-phenanthroline F in comparison to cyclosexi-
pyridine D,[7, 8] whereas dodecahydrohexaazakekulene E[9–12] ex-
hibits yet higher structural rigidity than the present compound
(Scheme 1). DFT calculations indicate a minimum-energy pro-
peller-like structure of C2 symmetry with dihedral angles of
26.7 and ¢21.38 between two neighboring 1,10-phenanthro-
line units and cavity axes of 5.614 and 5.574 æ, respectively
(Figure 1a). A C3 symmetric structure would require all NCCN
dihedrals to have the same sign. This, in addition to rendering
a structure that is slightly higher in energy, is statistically less
probable than allowing one of the dihedral angles to have
a different sign (Figure S32 in the Supporting Information).
Indeed, an alternation of the sign of the dihedral angles has al-
ready been reported in X-ray crystal structures of related tor-
ands.[38]
Theoretical calculations on related Schiff base macrocy-
cles,[39] as well as single-crystal XRD data from dodecahydro-
hexaazakekulene derivatives[11] and bis(1,10-phenanthrolinyl-
2,5-pyrrole),[40] revealed that the distance between two oppo-
site nitrogen atoms of the hexagonal cavity was between 5.0
and 6.0 æ for these compounds; this is in good agreement
with our results. Therefore, it can be anticipated that only
large alkaline,[3–5,8,11] alkaline earth,[5, 10] and transition-metal cat-
ions[3, 6] will be suitable guests for 7a–c.
Metal complexation
Analysis by MALDI-TOF mass spectrometry confirmed that the
as-synthesized macrocycles 7a–c were typically found as mix-
tures of various alkaline-metal complexes after their isolation
from the crude reaction product; the Na+ and K+ adducts ex-
hibited the strongest peak intensity (Figure 1b). The high affin-
ity of hexaaza macrocycles with similar cavity sizes towards al-
kaline-metal cations were reported previously.[3–5,8,11] It is rea-
sonable to presume that, in the present case, these guest ions
are entrapped from the glassware and solvents during the re-
action and workup procedure. The tendency towards complex-
ation with alkaline-metal cations was further reflected by the
fact that the preparation of the metal-free macrocycle by acid
treatment was unsuccessful. On the other hand, as depicted in
Figure 1b for 7b, the Na+ complex can be prepared in virtual-
ly quantitative yield by washing an organic layer containing
the compound with an aqueous solution of sodium hydroxide.
Therefore, this compound was chosen as the starting point for
all following metal sequestration experiments and is labeled as
7b-Na.
The hexaaza cavity of the new ligand is unique, in contrast
to well-established macrocyclic ligands such as porphyrins and
phthalocyanines, because it does not offer any N¢H bonds
that could be deprotonated upon guest inclusion.[31–33] Instead,
weaker binding through ion-induced-dipole electrostatic inter-
actions is expected to govern the host–guest system in the
case of cyclo-2,9-tris-1,10-phenanthroline. Hence, the metal
complexing and exchange ability of 7b-Na was studied as
a function of the ionic diameter of various metal cations.[41]
Successful sequestration was possible for a number of large
transition-metal guests, including Pb2+ , Ag+ , Cd2+ , Zn2+ , and
Cu2+ , as confirmed by MALDI-TOF analysis (Figures S9–S24 in
the Supporting Information). In all resulting spectra, the com-
plete disappearance of the initial Na+ signal of 7b-Na was ob-
served. For Ag+ and Cu2+ , the corresponding 1:1 adducts
were detected as exclusive species, whereas, for Pb2+ , Cd2+ ,
and Zn2+ , water and counterions participate in complex forma-
tion.
Complementary computational simulations indicate that the
Na+ adduct displays the lowest binding energy (Table S3 in
the Supporting Information) ; thus explaining its easy replace-
ment by other metal species. The same argument applies to
any alkaline and alkaline-earth metal, for which the interaction
between metal and ligand is essentially electrostatic. On the
contrary, a significantly stronger covalent contribution to the
bond was calculated for other metal species. Energy decompo-
sition analysis reveals that metals with accessible empty s (e.g. ,
Ag+) or p orbitals (e.g. , Pb2+) allow for covalent ligand-to-
metal dative bonds. This reinforces the electrostatic compo-
nent; thus resulting in stronger metal–ligand interactions. Fur-
thermore, when the cation is small enough (e.g. , Zn2+), it may
leave the center of the macrocycle cavity, resulting in increased
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electrostatic and covalent strength of the bond (Figures S35–
S38 in the Supporting Information, and discussion herein).
The inclusion of the new metal guests was monitored spec-
troscopically. We observed that the rapid replacement of the
cationic species was accompanied by significant changes in
the photoluminescence (PL) excitation and emission spectra
of 7b-Na (Figure 1c). The PL spectrum of 7b-Na shows
a broad emission between l=380 and 650 nm with the maxi-
mum located at l=444 nm and two minor peaks resolved at
l=420 and 467 nm. The vibronic fine structure of the emis-
sion spectrum is mirrored by the corresponding excitation
spectrum, as expected for a rigid molecular backbone. Step-
wise addition of zinc acetate to the parent solution of 7b-Na
was followed by a progressive bathochromic shift of the emis-
sion maximum by 16 nm to a final value of l=460 nm after ti-
tration with one equivalent of salt (Figure S26 in the Support-
ing Information). While a similar trend was confirmed by titra-
tion with silver triflate, the treatment resulted in a much stron-
ger bathochromic shift of the main emission to a final value of
l=474 nm and a 90% quenching of emission after the addi-
tion of two equivalents (Figure 1c). Most likely, the quenching
of the fluorescence in the silver complex originates from fast
population transfer to the triplet state. This is a result of the
so-called heavy-atom effect.[42, 43] Heavy atoms induce high
spin-orbit coupling, which allows fast and efficient population
transfer between different spin states. The migration of the
emission band upon titration with a metal source has been
described previously studies and the corresponding cyclic[44–46]
and acyclic ligands[47, 48] were thus applied as efficient chemo-
sensors for the detection of trace amounts of metal cations in
solution. In contrast, the direct and quantitative replacement
of a metal guest by another cation, as seen in the present
case, is a rare feature for a cyclic system. Whereas exchange of
the metal guest was also previously achieved for other tor-
ands, their cavity needed to be “emptied” by an intermediate
acid treatment step.[9–12]
Figure 1. a) Geometric dimensions of the cyclo-2,9-tris-1,10-phenanthroline macrocycle 7a–c, as derived from DFT analysis. b) MALDITOF spectrum of 7bNa
after treatment with NaOH; the inset shows the distribution of protonated 7b and its Na+ and K+ complexes after synthesis before (green) and after (blue)
exposure to 2m NaOH. c) The evolution of the fluorescence excitation and emission spectra of 7bNa upon titration with silver triflate. d) The reduction of
7bAg with sodium borohydride monitored by UV irradiation at l=366 nm.
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Moreover, the exchange of Na+ for Ag+ also resulted in an
overall line broadening of the 1H NMR spectrum of 7b-Ag in
[D2]1,1,2,2-tetrachloroethane ([D2]TCE).
[44] This effect was partic-
ularly pronounced for the two doublets that corresponded to
the aromatic protons of the macrocycle, which were not re-
solved for 7b-Ag, even at higher temperatures than those of
the pristine 7b-Na system (Figure S6 in the Supporting Infor-
mation).
More experiments were then carried out to examine possi-
ble re-exchange of the Ag+ cation by a Na+ guest. To make
the opposite pathway favorable, the Ag+ cation first needed
to be irreversibly removed from the macrocycle. This was trig-
gered by the addition of excess sodium borohydride to a solu-
tion of 7b-Ag, leading to the re-formation of 7b-Na and the
precipitation of colloidal silver nanoparticles, as observed by
electron microscopy (Figure S41 in the Supporting Informa-
tion). As illustrated in Figure 1d, the reduction experiment can
be easily monitored under UV radiation (l=366 nm). Upon
mixing the reducing agent with the solution of macrocycle, an
instant reappearance of the characteristic bright turquoise
fluorescence of 7b-Na was noted, along with the evolution of
hydrogen gas bubbles.
Three-dimensional self-assembly in the bulk phase
In principle, the stacking of rigid macrocyclic mesogens results
in the formation of tubular superstructures, as observed for
macrocyclic polyethers,[49] polyamines,[50] phthalocyanines,[51,52]
and various shape-persistent phenylene–ethynylene macrocy-
cles.[53,54] It can be expected that the presence of intraannular
aza or oxo coordination sites will further enable the formation
of nanoscale tubes; thus holding promise for the transport of
ions, charges, and small molecules.[51] Useful applications could
involve membranes that contain ion-selective channels,[55] am-
phiphilic metallomesogens with enhanced charge-carrier mobi-
lities for organic field-effect transistors,[56] and conducting
wires.[51, 57]
The supramolecular organization of the cyclo-2,9-tris-1,10-
phenanthroline compounds 7a–c and the transition-metal
complexes of 7b in the bulk state were studied by 2D wide-
angle X-ray scattering (2D-WAXS).[52–54,58] This method examines
the aggregation behavior in bulk by collecting X-ray scattering
patterns from an extruded filament of the material under in-
vestigation.[59] The reflection positions in the 2D-WAXS patterns
can then be correlated to the intra- and intercolumnar supra-
molecular organization. Because the fibers are oriented verti-
cally with respect to the incident X-ray beam, the meridional
reflections correspond to the correlations that result from disk
stacking and the equatorial reflection distribution contains in-
formation on the order between columns.
The measurements on 7a–c indicated a liquid-crystalline
hexagonal columnar arrangement of the macrocycles and a co-
axial orientation of the discs in the stacks. The intercolumnar
distance, ahex, between the molecular stacks increased succes-
sively with the length of the alkoxy chains from ahex=3.32 (7a-
Na) to 3.75 (7b-Na) and 4.22 nm (7c-Na; Figure 2a). The rather
isotropic small-angle reflections related to intercolumnar corre-
lations and the lack of higher-order reflections indicate moder-
ate macroscopic orientation of the macrocycles along the ex-
trusion direction. The weak tendency of Na+ to assemble pro-
vided motivation to examine possible stabilization of the mes-
ophase by larger, electron-rich transition-metal cations and dif-
ferent counterions.
Similar observations were made previously for liquid-crystal-
line crown ether derivatives and their corresponding metal
complexes.[60–62] To this effect, the Ag+ and Pb2+ complexes,
7b-Ag and 7b-Pb, respectively, were investigated by tempera-
ture-dependent 2D-WAXS experiments. In the corresponding
complexes, the triflate and acetate ions, which originate from
the salts used to introduce the cation, counterbalance the pos-
itive charges and are probably sandwiched between the neigh-
boring macrocycles.[63] Figure 2b and c reveals that both metal
complexes again exhibit a hexagonal columnar organization
after extrusion of the filaments; the degree of molecular order
is still moderate. The two samples were then subjected to an
annealing procedure with a maximum temperature of 150 8C.
It should be noted that none of the compounds displayed
phase transitions in the differential scanning calorimetry (DSC)
scans in this temperature regime. Nevertheless, this treatment
leads to improved self-organization of the macrocycles. At
a temperature of 150 8C, sharp meridional reflections are well
resolved in the pattern of 7b-Ag (Figure 2b). Additional higher
order reflections in the equatorial plane of the pattern also
confirm an enhancement of the hexagonal columnar organiza-
tion. Also, the high degree of order is preserved upon cooling
to 30 8C, as seen by the prevalence of these reflections. The
inter- and intracolumnar parameters of the mesophase can be
also used as a descriptor to illustrate the improved order of
7b-Ag compared with that of the Na+ complex. The Ag+ com-
plex exhibits an intercolumnar separation of ahex=3.02 nm (cf.
ahex=3.75 nm for Na
+) and a typical intramolecular stacking
distance of p=0.35 nm, which is indicative of strong p–p inter-
actions within the columns. Concerning the bulk packing of
7b-Pb, the metal guest was also found to efficiently help in
the columnar arrangement of the cyclic metal complexes (Fig-
ure 2c). However, the improvement of the molecular order al-
ready occurred at a lower temperature. In analogy to 7b-Ag,
pronounced meridional reflections evolved at 110 8C, which
proved the presence of a well-arranged hexagonal columnar
mesophase. Further increasing the temperature to 150 8C
leads, however, to a decrease in the molecular order for this
compound. After the thermal cycle, self-organization is not as
pronounced as that for 7b-Ag, but the patterns allow for the
determination of the packing parameters, which are ahex=
3.10 nm and p=0.37 nm, respectively. In summary, our 2D-
WAXS experiments illustrate the ability of the cyclo-2,9-tris-
1,10-phenanthrolines to self-assemble into liquid-crystalline
hexagonal columnar mesophases (as schematically depicted in
Figure 2d); this has not yet been observed for a toroidal mac-
rocycle. The packing tendency itself is moderate; this can be
rationalized by the relatively small p surface of the compound
compared with typical liquid-crystalline derivatives of coronene
or hexa-peri-hexabenzocoronene (HBC).[59,64,65]
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Two-dimensional self-assembly on surfaces
STM was then used for real-space visualization of the self-as-
sembled monolayers of 7b-Na, 7b-Ag, and 7b-Pb at submo-
lecular resolution. At the 1-phenyloctane/highly ordered pyro-
lytic graphite (HOPG) interface, all three molecules formed
highly ordered, 2D superstructures, in which the macrocycles
were arranged in the form of a characteristic row pattern. Fig-
ure 3a–c contains high-resolution STM images of the monolay-
ers, and representative large-scale STM images are shown in
the Supporting Information (Figures S39 and S40 in the Sup-
porting Information). The p-conjugated 1,10-phenanthroline
moieties of the macrocycle appear bright, whereas the stripy
features between the macrocycles correspond to the peripher-
al dodecyloxy chains. Although the computational analysis pre-
sented above indicates a propeller-like conformation for the ar-
omatic core, there is no clear indication of nonplanarity in the
high-resolution STM images. The densely packed structures of
these molecules are peculiar and differ from those of typical C3
symmetric building blocks substituted with peripheral alkoxy
chains reported previously.[24,66] For example, cyclo-tris(7,9-tri-
phenylenylene) and dehydrobenzo[12]annulene derivatives
form high-density structures on the HOPG surface, for which
the alkoxy chains of adjacent molecules interdigitate with each
other. In the present case, however, the chains simply adsorb
next to each other without forming these typical interdigita-
tion patterns.[24,66] While the reason for such packing is not
clear, one may consider the contribution of an electrostatic
component to the assembly process due to the presence of
metal ions captured in the cavity of cyclo-2,9-tris-1,10-phenan-
throline. The alkoxy chains run parallel to the main graphite
symmetry axes, whereas the rows of the 1,10-phenanthroline
cores are oriented approximately along the normal to the
main symmetry axis. A striking detail of the high-resolution
STM images is the presence of curved alkoxy chains, as indicat-
ed by white arrows in Figure 3a–c. This phenomenon results
from the filling of free volume by the dynamic rearrangement
of the alkoxy chains, and has also been reported for HBC deriv-
atives.[67]
Having discussed the similarities between the STM images
of monolayers formed by different metal-ion-containing mac-
rocycles, we now look at the differences. The STM images pro-
vided in Figure 3a–c indicate a visible depression in the center
of the cyclic system for 7b-Na and 7b-Ag, which leads to the
Figure 2. a) Linear relationship between alkoxy chain length and intercolumnar spacing for macrocycles 7a-Na, 7b-Na and 7c-Na ; the inset shows the 2D-
WAXS pattern of 7b-Na (30 8C). b) Temperature-dependent 2D-WAXS patterns of 7b-Ag. c) Temperature-dependent 2D-WAXS patterns of 7b-Pb. d) Schematic
illustration of the molecular packing of the metal complexes after annealing; the stabilizing metal guest is indicated as a green sphere.
Chem. Eur. J. 2015, 21, 8426 – 8434 www.chemeurj.org Ó 2015 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim8431
Full Paper
impression that these are empty. On the other hand, STM
images of 7b-Pb reveal a protrusion that indicates the pres-
ence of the metal ion. The 3D rendering provided in Fig-
ure 3d–f graphically visualizes this difference; the centers of
7b-Na (Figure 3d) and 7b-Ag (Figure 3e) appearing to be fea-
tureless and those of 7b-Pb (Figure 3 f) show pronounced
spikes. It must be noted, however, that the lack of a signature
in the STM images does not necessarily imply the absence of
the metal guest in the molecules. Given that STM maps the
local density of states, the apparent “height” in constant cur-
rent mode is a complex function of the density of electrons
that possess an energy near that of the Fermi level. As a conse-
quence, the local density of states around a metal atom/ion
may deviate significantly from the overall electron density of
the ligand (the cyclo-2,9-tris-1,10-phenanthroline backbone in
this case). Earlier reports have addressed this issue in great
detail by systematically studying the metal-ion-dependent STM
contrast of phthalocyanines.[68–70] High-resolution STM images
of copper (CuPc) and cobalt phthalocyanine (CoPc) adsorbed
on Au(111) surfaces revealed that the central metal appeared
as a depression in the case of CuPc, whereas a protrusion was
observed for CoPc. This difference in the STM signature of the
two metals originates from the dissimilar d orbitals that medi-
ate tunneling: whereas the CoII d9 system has significant d-or-
bital contribution to the Fermi level, the CuII d9 system does
not. Electronic structure calculations further revealed that the
half-filled CoPc dz
2 orbital lay very close to the HOMO. On the
contrary, there is no significant d orbital contribution within
a band 1 eV above and 2 eV below the HOMO of the host in
CuPc. As a consequence the cobalt surface density of states
“shines through” the ligand;
thus imparting more apparent
height to the metal.[68–70]
Although detailed electronic
calculations are not within the
scope of this work, we believe
that similar considerations apply
for the present system as well.
The distinct STM appearance of
Pb2+ in the STM images[71] is
possibly related to d-orbital-
mediated tunneling, whereas the
lack of STM signature for Ag+ re-
lates to a negligible contribution
of the d orbitals to the Fermi
energy surface. On the other
hand, Na+ , which is a relatively
small ion, does not possess d or-
bitals. A comparison of the STM
results with those of 2D-WAXS
discussed above clearly reveals
that self-assembly in the bulk
differs from that at the solution–
solid interface; the reasons for
this have been discussed in
detail by us elsewhere.[72]
Conclusion
New toroidal macrocycles with high structural rigidity were
synthesized through the Yamamoto cyclotrimerization of func-
tionalized 1,10-phenathrolines. The unusual hexaaza cavity of
these cyclic ligands accommodated a number of alkaline-, tran-
sition-, and heavy-metal cations and was not deprotonated
upon guest inclusion. The geometric parameters and the spe-
cial binding mode between the macrocycle and several of its
metal guests were analyzed in detail by computational meth-
ods. Metal inclusion was accompanied by pronounced changes
in the spectroscopic signature of the cyclo-2,9-tris-1,10-phe-
nanthroline macrocycle; this makes it a useful candidate for
sensing applications. In combination with the liquid-crystalline
behavior of these disc-shaped molecules, the metal complexa-
tion ability could be exploited for the buildup of artificial mo-
lecular channels suitable for the transport of electrically
charged guest species. Along these lines, the fixation and thus
stabilization of the mesophase through a polymerization step
remains an important synthetic challenge.[52,28b] The tendency
towards self-organization the macrocycles and their metal
complexes is further illustrated by the observation of well-or-
dered monolayers at the solid/liquid interface through STM;
this was achieved, for the first time, for a torand macrocycle.
Further attempts are in progress to reduce the metal ions se-
questered within the cavities of the macrocycle to their neutral
state under STM control. It is expected that this transformation
will be accompanied by a strong increase in the STM contrast
compared with their ionic state. In this regard, it is envisaged
to apply the STM tip as a “pencil” to selectively address individ-
Figure 3. High-resolution STM images of physisorbed monolayers of a) 7bNa, b) 7bAg, and c) 7bPb at the 1-
phenyloctane/HOPG interface. The white arrows indicate the presence of unusually curved alkoxy chains. The unit
cell parameters for the three molecules are identical : a= (2.80.1) nm, b= (4.60.2) nm, and a= (75.01.8). The
graphite symmetry axes are indicated in the bottom-left corner of each image. d)–f) 3D rendering of slightly
larger scale STM images to highlight the difference in the appearance of the aromatic core of the three macrocy-
cles, depending on the central metal ion.
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Compound 5 (1.00 g, 3.61 mmol),[34] tetrabutylammonium bromide
(TBAB, 0.75 g, 2.33 mmol), and sodium dithionite (3.77 g,
21.66 mmol) were added to a mixture of water (10.0 mL) and
(10.0 mL) THF. Then, dodecyl bromide (3.0 g, 12.0 mmol) was
added to the mixture. A solution of potassium hydroxide (3.0 g,
54.15 mmol) in water (20.0 mL) was subsequently added, and the
reaction mixture turned black. The reaction mixture was stirred for
48 h at 40 8C. After dilution with water, the reaction mixture was
extracted with ethyl acetate. The crude product was purified by
column chromatography (CH2Cl2/ethyl acetate=50:1) to yield 6b
as a light yellow powder (1.49 g, 2.41 mmol, 67%). 1H NMR
(250 MHz, CD2Cl2, 25 8C): d=8.53 (d, J=8.6, 2H), 7.64 (d, J=8.6,
2H), 4.22 (t, J=6.7, 4H), 1.86 (p, J=7.0, 4H), 1.61–1.10 (m, 36H),
0.87 ppm (t, J=6.9, 6H); 13C NMR (75 MHz, CD2Cl2, 25 8C): d=150.8,
143.2, 143.1, 134.3, 126.4, 124.9, 74.8, 32.5, 30.9, 30.3, 30.2, 30.21,
30.19, 30.05, 29.95, 26.7, 23.3, 14.5 ppm; MS (8 kV): m/z (%): 616.1
(100.0) [M+] .
Cyclo-2,9-tris-5,6-bisdodecyloxy-1,10-phenanthroline (7b)
The catalyst solution was prepared inside a glove box by adding
DMF (20.0 mL) and toluene (40.0 mL) to a mixture of bis(cycloocta-
diene)nickel(0) (0.43 g, 1.55 mmol), bipyridine (0.24 g, 1.55 mmol),
and cyclooctadiene (0.19 mL, 1.55 mmol). The resulting solution
was stirred for 30 min at 60 8C. Then, a solution of 6b (0.40 g,
0.65 mmol) in toluene (20.0 mL) was added dropwise over 30 min.
The reaction mixture was stirred for 72 h at 60 8C under the exclu-
sion of light. After cooling, the mixture was diluted with diethyl
ether and washed with diluted hydrochloric acid (2m). The crude
product was purified by column chromatography on silica gel
(CH2Cl2/methanol=10/1). Further purification was achieved by
preparative gel permeation chromatography (chloroform) to yield
7b as an orange waxy solid (67 mg, 0.041 mmol, 19%). 1H NMR
(500 MHz, CD2Cl2, 25 8C): d=8.98 (d, J=8.7, 6H), 8.79 (d, J=8.8,
6H), 4.37 (t, J=6.6, 12H), 1.86 (p, J=7.0, 12H), 1.75–1.10 (m,
108H), 0.89 ppm (t, J=6.9, 18H); 13C NMR (126 MHz, CD2Cl2, 25 8C):
d=153.8, 144.6, 143.0, 133.2, 127.5, 123.0, 74.9, 32.6, 31.1, 30.4,
30.3, 30.2, 30.0, 26.9, 23.3, 14.8 ppm; MS (MALDI-TOF): m/z (%):
1663.24 (100.0), 1662.25 (82.3), 1664.25 (62.4), 1665.26 (29.5).
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Materials and methods 
 
Chemicals and Solvents  
All chemicals and solvents used were obtained from the companies ABCR, Acros, Aldrich, 
Merck and Strem. Unless otherwise mentioned, they were used as obtained. 
Chromatography 
Preparative column chromatography was performed on silica gel from Merck with a grain 
size of 63.0 - 200.0 μm (silica gel) or 40.0 - 63.0 μm (flash silica gel). 
For analytical thin layer chromatography (TLC), silica gel coated substrates (60 F254) from 
Merck were used. Compounds were detected by fluorescence quenching at 254 nm, self-
fluorescence at 366 nm or staining in an iodine vapor chamber. For eluents, analytically pure 
solvents were used. 
Recycling gel permeation chromatography (rGPC) was performed on a JAI LC-9101 
equipped with JAI PS GPC columns using chloroform as eluent at room temperature. 
NMR Spectroscopy 
1H-NMR, 13C-NMR, and C,H-COSY experiments were recorded in the listed deuterated 
solvents on a Bruker DPX 250, Bruker DRX 500 or a Bruker DRX 700 spectrometer. The 
deuterated solvent was used as an internal standard, 
Mass Spectrometry (MS/MALDI-TOF) 
Field-desorption mass spectra were obtained on a VG Instruments ZAB 2-SE-FPD 
spectrometer. MALDI-TOF spectrometry was conducted on a Bruker Reflex II-TOF 
spectrometer, utilizing a 337 nm nitrogen laser. If not specifically mentioned, 
tetracyanoquinodimethane (TCNQ) was used as the matrix substance for solid state 
preparation. Else, the samples were directly measured from chloroform or THF by drop-
casting the solution on the sample holder. 
Elemental Combustion Analysis (ECA) 
Elemental analysis of solid samples was carried out on a Foss Heraeus Vario EL. All 
samples were exhaustively dried under high vacuum prior to the analysis in order to remove 
possible remains of solvents and humidity 




Solution UV-vis spectra were recorded at room temperature on a Perkin-Elmer Lambda 100 
spectrophotometer. Solvents of spectroscopic grade were employed. The baseline was 
corrected by substracting a measurement of the cuvette filled with pure solvent used for the 
measurement. Solution photoluminescence spectra were recorded at room temperature on a 
SPEX-Fluorolog II (212) spectrometer.  
Two-Dimensional Wide-Angle X-Ray Scattering (2D-WAXS) 
The two-dimensional wide-angle X-ray diffraction experiments of orientated filaments were 
performed by means of a rotating anode (Rigaku 18 kW) X-ray beam with a pinhole 
collimation and a 2D Siemens detector with a beam diameter of 1.0 mm. A double graphite 
monochromator for the Cu-Kα radiation (λ = 0.154 nm) was used. The patterns were 
recorded with vertical orientation of the filament axis and with the beam perpendicular to the 
filament. 
Single Crystal X-Ray Analysis 
The single crystal analysis was performed on a Nonius-KCCD diffractometer with a Mo-Kα (λ 
= 0.072 nm, graphite monochromatized) at a temperature of 150 K. The structures were 
solved by direct methods (Shelxs) and refined with anisotropic temperature factors for all 
non-hydrogen atoms. The hydrogen atoms were refined with fixed isotropic temperature 









Scheme S1: Synthetic route to macrocycles 7a-c; conditions: i) 1,3-dibromopropane, 120 °C, 95 %; ii) K3Fe(CN)6, 
NaOH, - 10 °C, 41 %; iii) POCl3, PCl5, reflux, 82 %; iv) H2SO4, HNO3, KBr, 80 °C, 88 %; v) TBAB, Na2S2O4, 
H2O/THF, alkyl bromide, KOH, 40 °C,  60 - 70  %; vi) bis(cycloocta-(1,5)-diene)nickel(0), cycloocta-(1,5)-diene, 






5.00 g (27.75 mmol) 1,10-phenanthroline were dissolved in                                                   
25.51 g (123.82 mmol) of 1,3-dibromopropane and heated to 120 °C for 4 h. The yellow 
precipitate was dissolved in water and washed three times with DCM in order to remove 
residues of the starting compounds. The aqueous phase was evaporated under reduced 
pressure to yield 10.02 g (26.36 mmol) of a yellow powder in 95 %. 2 was used for the next 
step without further purification. 
 
1H-NMR (250 MHz, D2O): δ 9.65 (d, J = 5.8, 2H), 9.44 (d, J = 8.5, 2H), 8.58 (s, 2H), 8.53 (dd, J = 8.5, 5.6, 2H), 
5.14 (t, J = 6.9, 4H), 3.42 (p, J = 7.0, 2H). 
 S5 
13C-NMR (75 MHz, D2O): δ 164.23, 150.85, 147.33, 134.09, 130.23, 127.30, 60.37, 30.89. 
 





70.82 g (210.78 mmol) of potassium ferricyanide and 32.35 g (0.79 mol) of sodium hydroxide 
were mixed with 120.0 ml of H2O after what the resulting red-brown suspension was cooled 
to 0 °C. 9.00 g (23.55 mmol) of 2 suspended in 80.0 ml of water were added drop-wise under 
continuous stirring keeping the temperature of the mixture below 5 °C. After 2 h, the reaction 
mixture was carefully neutralized with concentrated hydrochloric acid and the resulting 
precipitate was collected. The aqueous phase was removed under reduced pressure. The 
inorganic residue was extracted with THF for 72 h to yield in total 2.44 g (9.66 mmol) of 3 as 
a yellow powder in 41 %. 
 
1H-NMR (250 MHz, CD2Cl2): δ 7.72 (d, J = 9.5, 2H), 7.36 (s, 2H), 6.73 (d, J = 9.4 Hz, 2H), 4.27 (t, J = 6.4, 4H), 
2.38 (p, J = 6.6, 2H).  
 
13C-NMR (75 MHz, CD2Cl2): δ 162.94, 139.27, 132.78, 123.46, 123.34, 123.09, 46.07, 26.30. 
 
MS (FD, 8kV): m/z (%) = 252.8 (100.0 %, M+), (calc. C15H12N2O2 = 252.27 g/mol). 
 
Elemental Analysis: found 66.98 % C, 4.94 % H, 11.24 % N - calc. 71.42 % C, 4.79 % H, 11.10 % N. 
 
2,9-Dichloro-1,10-phenanthroline (4)[1]  
 
 
1.50 g (5.95 mmol) of 3 and 2.65 g (12.73 mmol) of phosphorus pentachloride were 
dispersed in 18.0 ml of phosphoryl chloride. The turbid mixture was heated to reflux for 8 h to 
yield a brown solution.  After cooling, the reaction mixture was slowly added to 150.0 ml of an 
acidified ice/water mixture. After complete hydrolysis, the aqueous phase was brought to pH 
= 14 by slow addition of NaOH. The resulting precipitate was collected and the aqueous 
 S6 
phase extracted several times with DCM. The crude product was purified by column 
chromatography (ethyl acetate/hexane = 1/1) to yield 1.19 g (4.78 mmol) of 4 as an off-white 
powder in 82 %.  
 
1H-NMR (250 MHz, CD2Cl2): δ 8.26 (d, J = 8.4, 2H), 7.87 (s, 2H), 7.66 (d, J = 8.4, 2H). 
 
13C-NMR (75 MHz, CD2Cl2): δ 151.90, 145.42, 139.54, 128.46, 126.84, 125.18. 
 
MS (FD, 8kV): m/z (%) = 250.1 (100.0 %, M+), (calc. C12H6Cl2N2 = 249.10 g/mol). 
 





1.00 g (5.85 mmol) of 4 and 4.77 g (40.08 mmol) of potassium bromide were mixed and 
cooled in a flask with gas outlet to - 5 °C. 14.0 ml of concentrated H2SO4 were added slowly 
always keeping the temperature of the mixture below 0 °C. To the orange viscous mixture 
were slowly added 7.0 ml of concentrated nitric acid. Subsequently, the reaction mixture was 
heated to 80 °C for 3 h. Bromine vapours were passed through a 10 % solution of sodium 
thiosulfate. After cooling, the reaction mixture was added to 200.0 ml of an ice/water mixture 
and stirred for 2 h at room temperature. The yellow-orange precipitate was collected and 
washed with H2O and treated with an aqueous solution of sodium thiosulfate. 1.43 g (5.15 
mmol) of 5 were obtained and used for the next step without further purification (88 %). 
 
1H-NMR (250 MHz, CD2Cl2): δ 8.42 (d, J = 8.2, 2H), 7.63 (d, J = 8.2, 2H). 
 
13C-NMR (75 MHz, CD2Cl2): δ 177.83, 159.06, 158.21, 152.76, 140.16, 127.70. 
 











To a mixture of 10.0 ml water and 10.0 ml THF 0.50 g (1.81 mmol) of 5,                            
0.38 g (1.17 mmol) tetra-n-butylammonium bromide and 1.89 g (10.83 mmol) sodium 
dithionite were added. Then, 1.15 g (6.00 mmol) octyl bromide was added to the mixture. A 
solution of 1.50 g (27.07 mmol) of potassium hydroxide in 10.0 ml water was subsequently 
added after what the reaction mixture turned black. The reaction mixture was stirred for 48 h 
at 40 °C. After dilution with water, the reaction mixture was extracted with ethyl acetate. The 
crude product was purified by column chromatography (DCM/ethyl acetate = 50:1) to yield 
0.55 g (1.09 mmol) of 6a in 60 % as a light yellow powder. 
 
1H-NMR (300 MHz, CD2Cl2): δ 8.53 (d, J = 8.6, 2H), 7.64 (d, J = 8.6, 2H), 4.23 (t, J = 6.7, 4H), 1.86 (p, J = 6.8, 
2H), 1.62 - 1.22 (m, 20H), 0.88 (t, J = 6.9, 6H). 
 
13C-NMR (75 MHz, CD2Cl2): δ 150.81, 143.21, 143.08, 134.30, 126.44, 124.93, 74.78, 32.40, 30.85, 29.99, 29.82, 
26.69, 23.23, 14.43. 
 




To a mixture of 10.0 ml water and 10.0 ml THF 1.00 g (3.61 mmol) of 5, 0.75 g (2.33 mmol) 
tetra-n-butylammonium bromide and 3.77 g (21.66 mmol) sodium dithionite were added. 
Then, 3.0 g (12.0 mmol) dodecyl bromide was added to the mixture. A solution of 3.0 g 
(54.15 mmol) of potassium hydroxide in 20.0 ml water was subsequently added after what 
the reaction mixture turned black. The reaction mixture was stirred for 48 h at 40 °C. After 
dilution with water, the reaction mixture was extracted with ethyl acetate. The crude product 
was purified by column chromatography (DCM/ethyl acetate = 50:1) to yield 1.49 g (2.41 
mmol) of 6b in 67 % as a light yellow powder. 
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1H-NMR (250 MHz, CD2Cl2): δ = 8.53 (d, J = 8.6, 2H), 7.64 (d, J = 8.6, 2H), 4.22 (t, J = 6.7, 4H), 1.86 (p, J = 7.0, 
4H), 1.61 - 1.10 (m, 36H), 0.87 (t, J = 6.9, 6H). 
  
13C-NMR (75 MHz, CD2Cl2): δ 150.79, 143.19, 143.07, 134.27, 126.41, 124.91, 74.76, 32.51, 30.86, 30.27, 30.24, 
30.21, 30.19, 30.05, 29.95, 26.71, 23.28, 14.46. 
 





To a mixture of 8.0 ml water and 8.0 ml THF 0.40 g (1.43 mmol) of 5, 0.30 g (0.93 mmol) 
tetra-n-butylammonium bromide and 1.50 g (8.60 mmol) sodium dithionite were added. Then, 
1.46 g (4.76 mmol) hexadecyl bromide was added to the mixture. A solution of 1.19 g (21.50 
mmol) of potassium hydroxide in 8.0 ml water was subsequently added after what the 
reaction mixture turned black. The reaction mixture was stirred for 48 h at 40 °C. After 
dilution with water, the reaction mixture was extracted with ethyl acetate. The crude product 
was purified by column chromatography (DCM/ethyl acetate = 50:1) to yield 0.71 g (0.97 
mmol) of 6c in 68 % as a light yellow powder. 
 
1H-NMR (300 MHz, CD2Cl2): δ 8.53 (d, J = 8.6, 2H), 7.64 (d, J = 8.6, 2H), 4.22 (t, J = 6.7, 4H), 1.88 (p, J = 7.0, 
4H), 1.60 - 1,12 (m, 52H), 0.87 (t, J = 6.9, 6H). 
 
13C-NMR (75 MHz, CD2Cl2): δ 150.81, 143.21, 143.09, 134.30, 126.43, 124.93, 74.78, 32.50, 30.85, 30.28, 30.25, 
30.24, 30.20, 30.17, 30.03, 29.94, 26.69, 23.27, 14.45. 
 





The catalyst solution was prepared inside the glove box by adding 12.0 ml DMF and 24.0 ml 
toluene to a mixture of 0.26 g (0.95 mmol) bis(cyclooctadiene)nickel(0), 0.15 g (0.95 mmol) 
2,2'-bipyridine and 0.12 ml (0.95 mmol) cyclooctadiene. The resulting solution was stirred for 
30 min at 60 °C. Then, a solution of 0.20 g (0.40 mmol) of 6a in 12.0 ml toluene was added 
dropwise over 30 min. The reaction mixture was stirred for 72 h at 60 °C under the exclusion 
of light. After cooling, the mixture was diluted with diethyl ether and washed with diluted 
hydrochloric acid (2 M). The crude product was pre-purified by column chromatography on 
silica (DCM/methanol = 10/1). Further purification was achieved by preparative gel 
permeation chromatography (chloroform) to yield 28 mg (0.021 mmol) of 6a in 16 % as an 
orange waxy solid.  
 
1H-NMR (500 MHz, CD2Cl2): δ 8.98 (d, J = 8.7, 6H), 8.75 (d, J = 8.8, 6H), 4.37 (t, J = 6.6, 12H), 1.98 (p, J = 7.0, 
12H), 1.81 - 1.22 (m, 60H), 0.92 (t, J = 7.0, 18H). 
 
13C-NMR (126 MHz, CD2Cl2): δ 153.58, 144.50, 143.36, 133.65, 128.21, 123.07, 74.96, 32.45, 30.96, 30.06, 
29.89, 26.78, 23.27, 14.46. 
 
MS (MALDI-TOF): m/z (%) = 1325.96 (100.0 %), 1326.96 (95.5 %), 1327.96 (49.4 %), 1328.26 (20.5 %), (calc. 












The catalyst solution was prepared inside the glove box by adding 20.0 ml DMF and 40.0 ml 
toluene to a mixture of 0.43 g (1.55 mmol) bis(cyclooctadiene)nickel(0), 0.24 g (1.55 mmol) 
bipyridine and 0.19 ml (1.55 mmol) cyclooctadiene. The resulting solution was stirred for 30 
min at 60 °C. Then, a solution of 0.40 g (0.65 mmol) of 6b in 20.0 ml toluene was added 
dropwise over 30 min. The reaction mixture was stirred for 72 h at 60 °C under the exclusion 
of light. After cooling, the mixture was diluted with diethyl ether and washed with diluted 
hydrochloric acid (2 M). The crude product was pre-purified by column chromatography on 
silica (DCM/methanol = 10/1). Further purification was achieved by preparative gel 
permeation chromatography (chloroform) to yield 67 mg (0.041 mmol) of 7b in 19 % as an 
orange waxy solid.  
 
1H-NMR (500 MHz, CD2Cl2): δ 8.98 (d, J = 8.7, 6H), 8.79 (d, J = 8.8, 6H), 4.37 (t, J = 6.6, 12H), 1.86 (p, J = 7.0, 
12H), 1.75 - 1.10 (m, 108H), 0.89 (t, J = 6.9, 18H). 
 
13C-NMR (126 MHz, CD2Cl2): δ 153.81, 144.63, 143.01, 133.20, 127.53, 123.01, 74.91, 32.56, 31.11, 30.37, 
30.34, 30.24, 30.01, 26.89, 23.31,14.47. 
 
MS (MALDI-TOF): m/z (%) = 1663.24 (100.0 %), 1662.25 (82.3 %), 1664.25 (62.4 %), 1665.26 (29.5 %), (calc. 














The catalyst solution was prepared inside the glove box by adding 10.0 ml DMF and 20.0 ml 
toluene to a mixture of 0.23 g (0.82 mmol) bis(cyclooctadiene)nickel(0), 0.13 g (0.82 mmol) 
bipyridine and 0.10 ml (0.82 mmol) cyclooctadiene. The resulting solution was stirred for 30 
min at 60 °C. Then, a solution of 0.25 g (0.34 mmol) of 6c in 10.0 ml toluene was added 
dropwise over 30 min. The reaction mixture was stirred for 72 h at 60 °C under the exclusion 
of light. After cooling, the mixture was diluted with diethyl ether and washed with diluted 
hydrochloric acid (2 M). The crude product was pre-purified by column chromatography on 
silica (DCM/methanol = 10/1). Further purification was achieved by preparative gel 
permeation chromatography (chloroform) to yield 27 mg (0.041 mmol) of 7c in 12 % as an 
orange waxy solid.  
 
1H-NMR (500 MHz, CD2Cl2): δ 8.98 (d, J = 8.6, 6H), 8.76 (d, J = 8.8, 6H), 4.33 (t, J = 6.6, 12H), 1.98 (p, J = 7.0, 
12H), 1.84 - 1.05 (m, 156H), 0.88 (t, J = 6.9, 18H). 
 
13C-NMR (126 MHz, CD2Cl2): δ 153.77, 144.59, 143.37, 133.73, 128.21, 123.11, 74.97, 32.51, 30.97, 30.32, 
30.27, 30.13, 29.95, 26.80, 23.27, 14.45. 
 
MS (MALDI-TOF): m/z (%) = 1999.02 (100.0 %), 2000.02 (73.5 %), 1999.02 (72.5 %), 2001.02 (46.0 %), (calc. 
C132H210N6NaO6 = 2000.11 g/mol - isotop. distr.: 1999.62 (100.0 %), 2000.63 (73.2 %), 1998.62 (69.0 %), 2001.63 





To a mixture of 13.0 ml water and 13.0 ml THF 0.50 g (2.38 mmol) of 1,10-phenanthroline-
5,6-dione 8, 0.49 g (1.54 mmol) tetra-n-butylammonium bromide and 2.48 g (14.27 mmol) 
sodium dithionite were added. Then, 1.98 g (7.91 mmol) dodecyl bromide was added to the 
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mixture. A solution of 1.98 g (35.68 mmol) of potassium hydroxide in 13.0 ml water was 
subsequently added after what the reaction mixture turned deep red. The reaction mixture 
was stirred for 48 h at 40 °C. After dilution with water, the reaction mixture was extracted with 
ethyl acetate. The crude product was purified by column chromatography (DCM/ethyl acetate 
= 50:1) to yield 0.49 g (0.91 mmol) of 9 in 59 % as a light yellow powder. 
 
1H-NMR (250 MHz, CD2Cl2): δ 9.04 (dd, J = 1.7, 4.3, 2H), 8.57 (d, J = 8.3, 2H), 7.71 (dd, J = 4.3, 8.3, 2H), 4.23 (t, 
J = 6.7, 4H), 1.89 (p, J = 6.8, 4H), 1.61 - 1.10 (m, 36H), 0.88 (t, J = 6.6, 6H). 
 
13C-NMR (75 MHz, CD2Cl2): δ 149.41, 144.98, 142.84, 130.77, 127.01, 123.35, 74.52, 32.52, 30.96, 30.66, 30.27, 
30.24, 30.22, 30.09, 29.95, 26.78, 23.28, 14.45. 
 








Fig. S1: Crystal structure of 2,9-dichloro-5,6-bis(dodecyloxy)-1,10-phenanthroline 6b. 
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Proposed Reaction Mechanism during Formation of the Cyclo-
2,9-tris-1,10-phenanthroline Macrocycle 
 
The proposed mechanism towards the formation of the cyclo-2,9-tris-1,10-phenanthroline 
system relies on the fundamental reaction steps of organometallic chemistry and is shown in 
Scheme S2.[3, 4]  
The activation of the zerovalent nickel catalyst bis(cyclooctadiene)nickel(0) (Ni(COD)2) is 
achieved via the replacement of one 1,5-cyclooctadiene (COD) ligand by the auxiliary ligand 
2,2’-bipyridine (bipy). In the next step, oxidative addition of the 1,10-phenanthroline unit (E) 
to the activated complex C-I results in the insertion of the nickel atom into the carbon-
chlorine bond leading to the formation of Ni(II) complex C-II.[5-7] Two of these species 
disproportionate to yield the complex C-III in which the two aryl units are already brought into 
close proximity.[6] The formation of complex C-IV in stoichiometric amounts is the reason for 
the consumption of the catalyst during the course of the reaction as this species further 
degrades to nickel(II) chloride. The subsequent reductive elimination of complex C-III yields 
the desired coupling product (D) and at the same time liberates the activated complex C-I 
that re-enters the catalytic cycle. For the formation of the open trimeric 1,10-phenanthroline 
species an analogous intermolecular reaction sequence involving the monomer and dimer 
can be expected. For the last step of the cyclotrimerization (closure of the open trimer to the 
final macrocycle) an intramolecular coupling is necessary.  Once the trimer is coordinated to 
the metal centre, its rigid molecular backbone along with the ideal binding angles of 120 ° 
assists in the coordination of its second end to the same nickel site. Already C-V contains the 
predefined  shape of the final product which is inudced by the geometry of the complex. The 






Scheme S2: Proposed reaction mechanism during the formation of the cyclo-2,9-tris-1,10-phenanthroline 





























Fig. S4: 1H NMR spectrum of 7b-Na in DCM-d2 at 25 °C. The inset shows the 1H,13C-COSY NMR spectrum of the 









Fig.S6: 1H NMR spectrum of 7b-Ag in TCE-d2. The inset shows a comparison between the aromatic region of 
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Fig. S9: MALDI-TOF spectrum of as-synthesized 7a. 
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Fig.S11: MALDI-TOF spectrum of 7b-Na; the inset shows the distribution of protonated macrocycle and its 
sodium and potassium complex before (gray) and after (blue) exposure to 2 M NaOH. 
 
 




Fig.S12: Comparison between experimental (red) and theoretically calculated (blue) isotopic pattern of 7b-Na.  
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Fig.S13: MALDI-TOF spectrum of as-synthesized 7c. 
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Fig.S15: MALDI-TOF spectrum of 7b after mixing with Ag(OTf) in DCM/methanol. 
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Fig.S16: Comparison between experimental (red) and theoretically calculated (blue) isotopic pattern of 7b-Ag.  
 
 S26 
1000 1200 1400 1600 1800 2000 2200
m/z











Fig.S17: MALDI-TOF spectrum of 7b after mixing with Cu(OAc)2 in DCM/methanol. 
 
 
1695 1697 1699 1701 1703 1705 1707 1709 1711 1713 1715
m/z
 
Fig.S18: Comparison between experimental (red) and theoretically calculated (blue) isotopic pattern of 7b-Cu.  
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Fig.S20: Comparison between experimental (red) and theoretically calculated (blue) isotopic pattern of 7b-Zn.  
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Fig.S22: Comparison between experimental (red) and theoretically calculated (blue) isotopic pattern of 7b-Cd.  
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Fig.S25: UV-vis spectra of macrocycle 7b-Na and the corresponding model compound 9 in DCM at 10-5 M. 
 
 
Fig.S26: Normalized fluorescence excitation and emission spectra of 7b-Na upon titration with a zinc acetate 




Fig.S27: Normalized fluorescence excitation and emission spectra of 7b-Na upon titration with a silver triflate 
solution (10-4 M) in THF at 10-5 M.  
 
Fig.S28: Comparison of normalized fluorescence excitation and emission spectra of 7b-Na, 7b-Zn and 7b-Ag in 





   
 






   
 






   
 









A simplified version of the series of ligands 7a-c was chosen for which the alkoxy side chains 
were replaced by R = CH3, denoted 7d hereafter. Complexes between the 7d ligand and the 
metal guests Na+, Ag+, Pb2+ and Zn2+, were also computationally modelled. The geometries 
of the native ligands as well as that of the metallic complexes were optimised at the DFT 
level, with the BP86 functional[8, 9] and the def2-TZVP basis set expansion.[10] All the 
optimised structures present real vibrational frequencies, confirming that they correspond to 
true minima of the potential energy surface (PES). Geometry optimisation as well as 
vibrational analysis were performed with TURBOMOLE 6.2 package of programs.[11] 
An Extended Transition State (ETS)[12-14] energy decomposition analysis combined with the 
Natural Orbitals for Chemical Valence (NOCV)[15-18] method has been used to gain insight 
into the bonding situation between the ligand 7d and the different metallic centres. The ETS 
scheme considers the molecule AB to be formed by the interaction between two fragments A 
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Thus, the interaction energy is the difference between the energy of the complex and the 
energies of each fragment at their respective optimal geometry and electronic state. The first 
term of the partition scheme, the preparation energy ( prepΔE ), is the energy needed to take 
each fragment from their optimal geometry and electronic state (A0 and B0) to the geometry 
and electronic state they have in the molecule AB (A and B). In a second step, the prepared 
fragments A and B are approached together to form the final molecule AB. The term elstatΔE  
arises from computing the electrostatic interactions of the fragments A and B when they are 
close to each other.  However, the total electronic wave function after applying the two 
previous steps ( AB ) is merely the superposition of the electronic density of each fragment, 
A  and B . AB  does not fulfil Pauli’s exclusion principle nor is it optimal for the final 
molecule AB (
0
AB ). First, AB  is antisymmetrised. The energy change on doing so 
corresponds to the PauliΔE  term and accounts for the electronic repulsion due to exchange. 
Second, this antisymmetrised wavefunction (
antisymm
AB ) is further relaxed to 
0
AB , with an 
energy variation given by orbΔE . This last term is associated with the mixing of occupied 
orbitals of one fragment with unoccupied orbitals of the other fragment, as well as the mixing 
between occupied and unoccupied orbitals within the same fragment. The deformation 
density associated to this latter orbital relaxation can be diagonalised, and the eigenvalues of 
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that diagonalisation constitute the set of NOCVs. On the other side, each NOCV has an 
energy contribution to the total orbΔE . The advantage of NOCVs is that just a few of them are 
needed to describe the bond formation of the molecules from atoms or fragments. Thus, that 
small set of NOCVs will account for most of the orbΔE  energy, decomposing that term into 
chemically meaningful electronic rearrangements.  
In order to understand the nature of the bond, it is also interesting to analyse the nature of 
the interaction contributions of the interaction energy, given by the sum of the elstatΔE  and 
orbΔE  terms. The first term is associated to the ionic character of the bond, while the latter, to 
the covalent one. Thus, information about the ionic/covalent character of a bond can be 
inferred by analysing the participation of each term into the total interaction energy. 
 
Minimum Energy Structure of the Cyclo-2,9-tris-1,10-
phenanthroline Macrocycle 
 
Macrocycle 7d is not planar. The source of non-planarity is resulting from the C-C bonds 
holding together two neighbouring 1,10-phenanthroline units. A closed cycle formed by three 
1,10-phenantroline entities contains three of such NCCN dihedral angles, different from zero. 
This gives rise to two possibilities: i) all three dihedrals have the same sign, forming a 
structure of C3 symmetry, or ii) a dihedral has a different sign from that of the two others, 
lowering the symmetry to C2 (Fig. S32). The C3-structure is somewhat more planar (θNCCN = 
18.9º) than the C2-one (θNCCN = -26.7 and 21.3º), but the size of the cavity is rather similar for 
C3 (d(N-N) = 5.611 Å) and C2 (d(N-N) = 5.558 and 5.614 Å) (compare the overlay of both 
structures in Fig. S32). 
   
  
 
C3 C2 C3 (blue) over C2 (red) 
Fig.S32: DFT optimized geometry of 7d constraint to the C3 and C2 symmetry point groups. The blue line 
represents the Cn symmetry axes. 
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The C2 ligand is slightly more stable, lying 1 kcal mol-1 lower in energy than the C3 confomer. 
More importantly, however, is the different number of isomers of each structure, or 
degeneracy. With three NCCN dihedrals, there are three different possible combinations of 
one positive and two negative (or two negative and one positive) NCCN dihedrals. However, 
there is only one possible combination having three positive (or three negative) dihedrals.  
Therefore, the C2-structure has a degeneracy that is three times larger than the C3 confomer. 
Indeed, according to a Boltzmann distribution, the former isomer should be present in 94 % 
at 298 K given the energy and degeneracy differences accounted for. Interestingly, such an 
alternation of the sign of the dihedral angle has been already reported in the X-ray crystal 
structures of related torands.[19] 
Geometrical Distortion of the Ligand upon Guest Inclusion 
The results from MALDI-TOF spectrometry divide the guest cations investigated in this work 
in three groups: i) Na+, ii) Ag+ and Cu2+, forming 1:1 adducts, and iii) Pb2+, Cd2+ and Zn2+, with 
counterions participating in the complex formation. To better understand the different 
bonding schemes of each group, a representative cation of each of them, namely: Na+, Ag+ 
and Zn2+, has been chosen. From the last group, Pb2+ is additionally considered, as it is not a 
transition metal and can display different bonding schemes.  
The adduct formed upon chelation with Na+, Ag+ and Pb2+ preserve the C2 symmetry of the 
native ligand, with the guest staying in the center of the cavity. Indeed, chelation produces 
little geometrical distortion on the cyclic ligand (Table S1). When comparing the geometry of 
the native macrocycle to the one of these three complexes it is found that they overlap rather 
well (compare Fig. S33a).The root mean square deviation (RSMD) for the overlaid structures 
of the adducts with Na+, Ag+ and Pb2+ onto the geometry of the bare ligand yields values of 
0.050, 0.0778 and 0.1038 Å, respectively. 
Table S1: Comparison of the two N-N distances (in Å) defining the size of the cavity within the macrocycle and 
the CNNC dihedrals (in º) responsible for the non-planarity of the ligand. 
 d(N-N) d'(N-N) θNCCN θ'NCCN dmax(M-N) dmin(M-N) 
Native 5.614 5.574 26.7 21.3   
Na+ 5.555 5.524 20.1 17.5 2.778 2.758 
Ag+ 5.533 5.491 22.1 18.1 2.784 2.716 







Fig.S33: a) Superposition of the structures of the native cyclo-2,9-tris-1,10-phenanthroline 7d (red) and upon 
chelation with Na+ (7d-Na, yellow), Ag+ (7d-Ag, silver) and Pb2+ (7d-Pb, purple). b) Superposition of the 
structures of the native cyclo-2,9-tris-1,10-phenanthroline (7d, red) and the complex with Zn2+ (7d-Zn, grey). 
The deformation of the ligand is, however, significantly larger upon complexation with Zn2+. In 
this scenario, the complex loses its symmetry; the metal leaves the center of the cavity and 
establishes specific interactions with two particular nitrogen atoms (compare Fig. S33b). This 
is possible due to the small size of the Zn2+ cation (0.88 Å), which is actually the smallest 
cation of the investigated series (1.16 Å, 1.29 Å and 1.33 Å for Na+, Ag+ and Pb2+, 
respectively). 
Placing the Zn2+ cation between each possible pair of nitrogen atoms, the six initial structures 
converged to basically three different minima degenerate in energy (energy difference < 0.2 
kcal mol-1), whose geometries can be considered as practically equivalent (see Fig. S34). 
 
Fig.S34: Superposition of all the optimized structures for the 7d-Zn adduct. 
Table S2 summarizes the most relevant geometrical parameters of the three different 
isomers, and compares them to the structure of the native ligand. The net effect of the 




Table S2: Geometrical parameters for three conformers of the 7d-Zn adduct, corresponding to the colors yellow 
(1), blue (2) and red (3) of Figure S34. 
 d(N-N) d'(N-N) d''(N-N) θNCCN θ'NCCN θ''NCCN dmax(M-N) dmin(M-N) d'min(M-N) 
Native 5.614 5.574 5.574 -26.7 -26.7 21.3    
Zn2+(1) 5.520 5.3224 5.267 -18.8 -17.9 16.7 3.489 2.077 2.322 
Zn2+ (2) 5.599 5.314 5.276 -19.1 -13.6 22.4 3.523 2.081 2.246 
Zn2+(3) 5.607 5.294 5.274 -20.1 -10.4 22.8 3.531 2.077 2.318 
 
Analysis of the Metal-Ligand Bond 
 
On each four complexes, an ETS-NOCV energy decomposition analysis has been performed 
in order to get better insight into the bonding state between the cationic guest and the ligand. 
Table S3 summarizes the results of the decomposition analysis, each individual case being 
discussed thereupon. 
Table S3: Energy decomposition Analysis (EDA) of the M-ligand adducts (M = Na+, Ag+ Pb2+ and Zn2+). Below 
the Eelect and Eorb terms its relative contribution to the total bonding interactions (Eint + EPauli) is displayed.                        
All values are in kcal mol-1. 
 Na+ Ag+ Pb2+ Zn2+ 
Eint -115.12 -145.94 -304.26 -424.23 
EPauli 13.53 41.26 95.78 62.65 
EElec -92.20 -119.69 -214.55 -237.98 
 (72%) (64%) (54%) (49%) 
Eorb -36.45 -67.51 -185.49 -248.89 
 (28%) (36%) (46%) (51%) 
 
7d-Na 
Table S3 shows that for this system the interaction between metal and ligand is basically 
electrostatic, 72% of total bonding interactions. The remaining 28% corresponds to orbital 
interactions. The deformation matrix associated has been decomposed and its main and 
predominant component is depicted in Fig. S35. This figure (as well as the related figures 
hereafter) makes use of the following color code: Red lobes correspond to regions where the 
electronic density decreases and blue ones, where it increases. Hence, Figure S35 illustrates 
a charge donation from all nitrogen lone pairs to the metal. This is mainly associated to a 
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polarization of the electronic density of the ligand instead of a real covalent bond between 
ligand and metal. Consequently, for this instance, the bond is mainly due to electrostatic 
interactions, which are further stabilized by a polarization of the electronic density of the 
ligand. 
 
Fig. S35: Natural orbital of the deformation density with highest eigenvalue for the complex 7d-Na. 
 
7d-Ag 
In comparison to Na+, the ligand-metal interaction has a greater covalent character in the 
case of Ag+. In absolute terms, the covalent interactions have increased by ca. 31 kcal mol-1. 
Fig. S36 reveals that most of this increase is originating from a ligand-to-metal charge 
transfer σ(N) → 5s(Ag), contributing 21 kcal mol-1 to the boding. As a minor effect, there are 
two orbitals, degenerate in energy, representing polarizations of the lone pairs of the ligand, 
amounting for further 12 kcal mol-1. Summing up, the greater ligand-metal interaction energy 
of 7d-Ag presents a greater ligand-metal interaction energy than 7d-Na due to the formation 




-21 kcal mol-1 -6 kcal mol-1 -6 kcal mol-1 
 
Fig. S36: Natural orbitals of the deformation density with the three highest eigenvalues for the 7d-Ag complex. 
Below each orbital is shown the associated stabilization energy. 
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7d-Pb 
The Eelec term is ca. 100 kcal mol-1 larger than for previous metals. This is to be expected as 
Pb2+ is doubly charged while Na+ or Ag+ are monocations. The covalent component of the 
bonding increases even more resulting in a larger relative contribution to the total attractive 
interactions. Thus, the ligand-metal interaction has also a stronger covalent component than 
in Na+ or Ag+. This is the case since for 7d-Pb there are not one but two charge transfers 
from the nitrogen lone pairs to the two empty 6p orbitals of Pb2+ contained in the plane of the 
ligand (see Fig. S37). This two σ(N) → 6p(Ag) donations, amounting to 74 kcal mol-1 in total, 
account for most of the increase of the covalent component of the ligand-metal bond. The 
ETS-NOCV analysis shows that the ligand 7d binds to Pb2+ more strongly than to Na+ and 
Ag+ due to i) a stronger electrostatic interaction arising from the larger charge of the cation 




-37 kcal mol-1 -37 kcal mol-1 
 
Fig. S37: Natural orbitals of the deformation density with the two highest eigenvalues for 7d-Pb.                                  
Below each orbital is shown the associated stabilization energy. 
7d-Zn 
Again, this metal presents an ionic component being ca. 100 kcal mol-1 larger than that for 
monocationic metal species.  The covalent component undergoes still a larger increase. The 
interactions between guest and ligand of the 7d-Zn complex have the highest degree of 
covalency for the series studied. Figure S38 represents the dominant natural orbitals into 
which the deformation density matrix can be decomposed.  
According to this figure, the main component of the covalent bonding corresponds to a 
charge transfer σ(N) → 3s(Zn), amounting for 71 kcal mol-1. This charge transfer is 
significantly larger than the equivalent one found in 7d-Ag (amounting for 21 kcal mol-1). 
Indeed, the shorter M-N distances in the Zn2+ adduct renders possible a better orbital overlap 
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between metal and ligand. Additionally, there are some additional charge transfers from the 
ligand to the metal representing some π component of the bonding. Further N-Zn bonds, 
where the p orbitals of Zn2+ are involved, can be also recognized.  
 
   
-71 kcal mol-1 -26 kcal mol-1 -26 kcal mol-1 
  
-17 kcal mol-1 -20 kcal mol-1 
Fig. S38: Natural orbitals of the deformation density with the five highest eigenvalues for 7d-Zn.                                  
Below each orbital is shown the associated stabilization energy. 
 
In summary, the small size of the Zn2+ cation allows it to leave the center of the cavity and 
approach specific nitrogen atoms of the ligand cavity. This yields an effective overlap 
between the orbitals of metal and ligand and the strongest covalent bonds of the investigated 
series. The large charge of the cation and the proximity to the ligand produces also to the 
strongest electrostatic interactions between metal and ligand. However, for this complex the 




Scanning Tunneling Microscopy 
 
 
STM experiments were carried out using a PicoSPM (Agilent) operating in the constant-
current mode with the tip immersed in the supernatant liquid at room temperature. STM tips 
were prepared by mechanical cutting from Pt/Ir wire (80%/20%, diameter 0.2 mm). Prior to 
imaging, compound 7b was dissolved (concentration = 5.5 · 10-4 M) in 1-phenyloctane 
(Aldrich, 98%) and a drop of this solution was applied onto a freshly cleaved surface of highly 
oriented pyrolytic graphite (HOPG, grade ZYB, Advanced Ceramics Inc., Cleveland, USA). 
For analysis purposes, recording of a monolayer image was followed by imaging the graphite 
substrate underneath it under the same experimental conditions, except for lowering the 
bias. The images were corrected for drift via Scanning Probe Image Processor (SPIP) 
software (Image Metrology ApS), using the recorded graphite images for calibration 
purposes, allowing a more accurate unit cell determination. The imaging parameters are 
indicated in the figure caption: tunneling current (It), and sample bias (Vt). 
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Fig. S39: Large-scale STM images of the macrocycles showing well-ordered 2D supramolecular assemblies 
formed at the 1-phenyloctane/HOPG interface. The images were obtained using tunneling conditions that vary 




Fig. S40: Additional STM images showing the peculiar STM contrast of the macrocycle cavity when the Pb2+ 
cation  is present. The images were obtained using different tips, in different experimental sessions and the 







Fig. S41: The reduction of 7b-Ag with sodium borohydride: TEM micrograph of the resulting precipitate. The inset 
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